Introduction {#Sec1}
============

Bone defects occur frequently and have various causes, such as trauma, infections, and tumors^[@CR1]^. Despite the fact that bone possesses a self-healing ability, repairing bone defects beyond a critical size still requires surgery or reconstructive surgery^[@CR2]^. It has been reported that biological treatment modalities contribute to the repair of bone defects. Tissue-engineered bone techniques involve essential elements, such as seed cells, growth factors, and implant scaffolds, and provide new treatment options for bone defects^[@CR3]^. Many types of mesenchymal stem cells (MSCs) have been found to originate from various types of tissue, such as bone marrow-derived MSCs (BMSCs), as well as adipose, peripheral blood, and muscle and ligament-derived MSCs^[@CR4]--[@CR8]^. Among them, BMSCs are reported to be equipped with the capacity for osteogenic, chondrogenic, and adipogenic differentiation^[@CR9],[@CR10]^. Despite this, there are many disadvantages in the process of extracting BMSCs; invasive surgery carries a high risk of infection and bleeding and may cause immunological rejection after implantation. Recently, a new kind of MSCs, which originated from the surface membrane of human placenta, called human amniotic MSCs (hAMSCs), has been discovered^[@CR11]^. hAMSCs possess the ability to thrive in multiple environments and are not extracted traumatically. In addition, they do not carry ethical or moral controversies with them^[@CR12]^. hAMSCs have a multidirectional differentiation capacity as well as an advantage in therapeutic angiogenesis due to the hAMSC root in placenta, which is a vascular tissue^[@CR13]^. Hence, hAMSCs have been extensively applied in the treatment of bone and spinal traumas and vascular reconstruction surgery.

Bone repair requires multiple stimuli, including growth factors, cytokines, differentiation factors, and extracellular matrix, which contribute to creating a conducive milieu for enhanced bone healing^[@CR14],[@CR15]^. Bone morphogenetic proteins (BMPs), attributed to the transforming growth factor β (TGF-β) super family, comprise 14 members in humans and rodents. They are essential for the proliferation and cell differentiation that determine the fate of cells^[@CR16],[@CR17]^. BMP9 was identified in the mouse liver and exerts some effects in maintaining the embryonic basal forebrain cholinergic neurons^[@CR18]^. The activity of BMPs is required in cells when ligands combine with BMPRI and BMPRII receptors. The signal transduction begins and continues with phosphorylation of the R-Smads, including Smad1/5/8^[@CR19]^. After the R-Smad complex is formed, the Smad4 and complex shifts into the nucleus and regulates downstream target genes and proteins^[@CR20]^. BMP9 can regulate a number of essential targets for osteogenic signal transduction in MSCs; however, the explicit mechanism of how Schnurri-3 (Shn3) is involved in the process of BMP9-induced osteogenic differentiation remains unclear.

Shn3, a large protein that belongs to the ZAS family of zinc finger proteins, is a critical and considerable mediator of adult skeletal formation that regulates mature osteoblast activity^[@CR21],[@CR22]^. Shn3 is one of the three mammalian homologs of Drosophila Shn that acts as a fundamental cofactor for signaling via decapentaplegic (DPP), which is the Drosophila homolog of the BMP/TGF-β signaling pathway^[@CR23],[@CR24]^. Recently, it was reported that mice lacking Shn3 showed increased bone mass^[@CR25]^. This high bone mass phenotype in mice due to Shn3 indicates that Shn3 could govern the expression of Runt-related transcription factor 2 (Runx2). Runx2 is regulated by Shn3 through a complex with E3 ubiquitin ligase WWP1^[@CR26]^. Shn3 regulates the interaction by inhibiting mitogen-activated protein kinase (MAPK) activity and osteogenic differentiation, and the Shn3 expression indirectly regulates osteoclastic bone resorption^[@CR27],[@CR28]^.

Bone formation is an intricate process that requires highly coordinated reciprocity between multiple cells, factors, and signals to form mineralized bone tissues^[@CR29],[@CR30]^. Working as structural templates, blood vessels adjacent the region of bone formation carry key elements for bone homeostasis into the osteogenic microenvironment, as well as minerals, growth factors, and osteogenic progenitor cells^[@CR31]^. Vascularization is necessary for striking coupling of angiogenesis and osteogenesis during skeletal development other than bone repairs^[@CR32],[@CR33]^. Multiple factors participate in the coupling process, including vascular endothelial growth factor (VEGF), hypoxia-inducible factor 1α (HIF1α), von Willebrand factor (vWF), and CD31^[@CR34],[@CR35]^. Owing to Shn3's activity regulating the osteogenic differentiation through BMP/TGF-β signaling, Shn3's capacity to regulate BMP9-induced angiogenesis and osteogenesis needs to be investigated further.

In the present study, we investigated the effect of Shn3 on BMP9-induced osteogenic differentiation both in vitro and in vivo and angiogenesis of hAMSCs. Our investigation provides another possible mechanism for the regulation of BMP9-induced differentiation in hAMSCs. These results will offer abundant benefits to BMP9-mediated bone tissue engineering.

Results {#Sec2}
=======

Isolation and characterization of hAMSCs {#Sec3}
----------------------------------------

hAMSCs were isolated from superficial amnion on human placenta by using both trypsin and collagenase (Fig. [1a](#Fig1){ref-type="fig"}). Morphology of cultured primary and passaged 1, 2, and 3 (P1, P2, P3, respectively) cells showed a monolayer of adherent cells and demonstrated a spindle-shaped exterior with radial-like growth, and increasing polarization was observed with each passage. hAMSCs run up to 80% confluence over a period of approximately 5 days, whereas hAMSCs generally require 7 days to cover the culture flask (Fig. [1b](#Fig1){ref-type="fig"}). Cell Counting Kit (CCK)-8 results showed that the proliferative curve of hAMSCs exhibited an "S" pattern, and hAMSCs went through a logarithmic growth phase for 4 days after 1 day of latency. The average doubling time of hAMSCs was 72 h (Fig. [1c](#Fig1){ref-type="fig"}).Fig. 1Isolation and morphology of cultured hAMSCs; the proliferation potential and identification of hAMSCs; the basic expression of Shn3 in hAMSCs.**a** General observation (a1), isolation, and extraction (a2) of hAMSCs. **b** Representative morphology of adherent hAMSCs from primary cultures (P0) were cultured through the third passage (P3) with spindle shapes on cell culture dish (original magnification ×40, scale bar = 200 μm). **c** Proliferation of hAMSCs as determined by the CCK-8 method showed that cells reach the doubling time at 3 days. **d** ELISA assay to detect the Shn3 expression in cell culture supernatants when cells reached 20% and 40% confluence, respectively. **e** Phenotypic properties of hAMSCs at third passage by flow cytometry and hAMSCs highly expressed CD44, CD73, CD90, and CD105 and negatively expressed CD34, CD19, CD45, and HLA-DR. **f** Multiple potential for osteogenic, chondrogenic, and adipogenic differentiation of hAMSCs at third passage: osteogenic (alkaline phosphatase staining and Alzarin Red S staining), chondrogenic (Alcian Blue staining), adipogenic (Oil Red O staining) (original magnification ×100, scale bar = 100 μm). **g** hAMSCs at third passage highly expressed vimentin and hardly expressed CK-19, and cell nuclei were stained blue by 4′,6-diamidino-2-phenylindole (DAPI) (original magnification ×100, scale bar = 100 μm). The data are shown as mean ± SD for three separate experiments. \**P* \< 0.05.

Identification and multidirectional differentiation potential of hAMSCs {#Sec4}
-----------------------------------------------------------------------

Flow cytometric results showed that P3 hAMSCs were positive for MSC markers CD44, CD73, CD90, and CD105 and weakly expressed hematopoietic markers CD34, CD19, CD45, and HLA-DR, which indicated that P3 hAMSCs were in possession of low immunogenicity (Fig. [1e](#Fig1){ref-type="fig"}). In addition, the results of alkaline phosphatase (ALP), Alizarin S Red, Alcian Blue, and Oil Red O staining showed that hAMSCs own the potential for multidirectional differentiation into osteoblasts, chondrocytes, and adipocytes (Fig. [1f](#Fig1){ref-type="fig"}). CK-19 is an exceptional marker of human amniotic epithelial cells, whereas vimentin is a specific marker of hAMSCs. During the isolation process of hAMSCs, small portions of human amniotic epithelial cells from amnion were present in hAMSCs. To reduce the rate of epithelial cells in hAMSCs, we passaged cells; epithelial cells gradually go through a conversion from epithelial to mesenchymal. The immunofluorescent staining results showed that P3 hAMSCs highly expressed vimentin and were negative for CK-19 expression (Fig. [1g](#Fig1){ref-type="fig"}). These results demonstrated that hAMSCs expressed pluripotent markers, and hAMSCs have the ability of self-renew and possess multi-linage differentiation potential.

Basic expression of Shn3 in hAMSCs {#Sec5}
----------------------------------

To detect the basic expression level of Shn3 in hAMSCs, we used an enzyme-linked immunosorbent assay (ELISA). Results of the ELISA assay showed that the concentration of Shn3 in the supernatant of cell cultivation was 0.1316 ng/mL when hAMSCs reached a density of approximately 20% (the number of cells reached about 1.8 × 10^5^ cells/mL), while the concentration of Shn3 in the supernatant of cell cultivation was 0.2298 ng/mL when hAMSCs reached approximately 40% confluence (the number of cells reached about 3.7 × 10^5^ cells/mL) (Fig. [1d](#Fig1){ref-type="fig"}). These results prompted us to determine that hAMSCs have a certain degree of expression of Shn3.

Shn3 diminishes BMP9-induced early and late osteogenic differentiation of hAMSCs in vitro {#Sec6}
-----------------------------------------------------------------------------------------

In order to assess the role of Shn3 in BMP9-induced osteogenic differentiation, we constructed an adenoviral vector system to stably overexpress Shn3 that target human Shn3. After transfection of the cells with Ad-RFP, Ad-BMP9, and Ad-Shn3 of hAMSCs for 24 h, cells were observed by fluorescence microscope (Fig. [2a](#Fig2){ref-type="fig"}). By using reverse transcription and quantitative polymerase chain reaction (RT-qPCR) assay, we found that the expression levels of Shn3 were significantly increased in hAMSCs after transfection with Ad-Shn3 for 48 and 72 h when compared with that of control hAMSCs transfected with Ad-RFP (Fig. [2b](#Fig2){ref-type="fig"}). Therefore, Ad-Shn3 was used to upregulate Shn3 levels in our study. ALP were used to determine the changes in ALP activity, which indicate early osteogenic activity. First, we examined the effect of Ad-Shn3 on early and late osteogenic differentiation on hAMSCs. Our results showed that ALP activity was dramatically decreased in the BMP9+Shn3 group compared to the BMP9 group at days 3, 5, and 7, whereas exogenous Shn3 expression alone did not exhibit any significant effect on ALP activity of hAMSCs at 7 days (Fig. [2c](#Fig2){ref-type="fig"}). Quantitatively, the Shn3-mediated synergistic effect on ALP activity in BMP9-transfected hAMSCs was decreased by 63%, 76%, and 85% on days 3, 5, and 7, respectively (Fig. [2d](#Fig2){ref-type="fig"}). Alizarin Red S staining was used to examine the calcium deposition, which is one of the late osteogenic indicators. Our results showed that the calcium deposition was redundantly decreased in the BMP9+Shn3 group compared to the BMP9 group at 14 and 21 days; quantitatively, overexpression of Shn3 reduced the matrix mineralization compared with the other groups (Fig. [2e, f](#Fig2){ref-type="fig"}). Taken together, Shn3 is shown to be able to significantly inhibit the early and late osteogenic differentiation of hAMSCs.Fig. 2Shn3 inhibits early and late osteogenic differentiation of hAMSCs in vitro.**a** The recombinant adenovirus Ad-RFP (Red), Ad-BMP9 (green), and Ad-Shn3 (red) were shown to effectively transfect hAMSCs for 24 h (scale bar = 100 μm). **b** Ad-Shn3 upregulated the expression of Shn3 over 5 times at 48, 72, and 96 h. All samples were normalized with the house-keeping gene GAPDH. Each experiment was done in triplicate, Ad-Sim-Shn3 vs. Ad-RFP groups. **c**, **d** Overexpressed Shn3 inhibits BMP9-induced ALP activity in hAMSCs. ALP biochemical quantification assay (**c**) and ALP staining assay (**d**) were conducted to detect the ALP activity under the treatment as shown at 7 days after transfection (scale bar = 100 μm). **e**, **f** The quantification of mineralization (**e**) and calcium deposition is observed by Alizarin Red S staining assay (**f**) under the treatment as shown at 14 and 21 days after transfection (scale bar = 100 μm).The data are shown as mean ± SD for triplicate. \**P* \< 0.05.

Silencing Shn3 expression potentiates BMP9-induced osteogenic differentiation of hAMSCs in vitro {#Sec7}
------------------------------------------------------------------------------------------------

To determine whether Shn3 is an essential mediator in BMP9-induced osteogenic signaling, we constructed a recombinant adenovirus that expresses a pool of three small interfering RNA (siRNA) targeting human Shn3-coding regions using the established pSOS system as recently described^[@CR36]^, which prompted Ad-Sim-Shn3 to efficaciously knock down Shn3 expression in hAMSCs. After transfecting the cells with Ad-RFP, Ad-BMP9, and Ad-Sim-Shn3 for 24 h, cells were observed by fluorescence microscope (Fig. [3a](#Fig3){ref-type="fig"}). By using RT-qPCR, we determined the effectiveness of transfecting Ad-Sim-Shn3 on hAMSCs. We found that Ad-Sim-Shn3 could greatly inhibit mRNA expression of Shn3 from 24 to 168 h (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Silencing Shn3 expression enhanced BMP9-induced early and late osteogenic differentiation of hAMSCs in vitro.**a** The recombinant adenovirus Ad-RFP (Red), Ad-BMP9 (green), and Ad-Sim-Shn3 (red) were shown to effectively transfect hAMSCs for 24 h (scale bar = 100 μm). Effective knockdown of Shn3 expression. **b** The Ad-Sim-Shn3 expressing siRNA targeting Shn3 transduces hAMSCs with high efficiency after transfection. Ad-Sim-Shn3 silences the expression of Shn3 from 48 to 120 h. All samples were normalized with the house-keeping gene GAPDH. Each experiment was done in triplicate, Ad-Sim-Shn3 vs. Ad-RFP groups. **c**, **e** Silencing Shn3 promotes BMP9-induced ALP activity in hAMSCs. ALP biochemical quantification assay (**c**) and ALP staining assay (**e**) were conducted to detect the ALP activity under the treatment as shown at 3 and 7 days after transfection (Scale bar = 100 μm). **d**, **f** The quantification of mineralization (**d**) and calcium deposition is observed by Alizarin Red S staining assay (**f**) under the treatment as shown at 14 and 21 days after transfection (scale bar = 100 μm). **g**--**k** Shn3 inhibits the expression of osteogenic relative factors of hAMSCs. **g** RT-qPCR assay was performed to determine that Shn3 inhibits the expression of osteogenic relative factors, including Runx2, BSP, COL-1, and OSX, induced by BMP9 of hAMSCs at 7 days. **h**--**k** Western blotting assay was adopted to detect that Shn3 inhibits the expression of osteogenic relative factors OCN (**h**), OPN (**i**), and Runx2 (**j**) induced by BMP9 of hAMSCs. β-ACTIN served as the loading control. The quantification results of western blotting assay showed the effect of Shn3 on the expression level of OCN, OPN, and Runx2 on BMP9-induced hAMSCs (**k**). The data are shown as mean ± SD for triplicate. \**P* \< 0.05.

Further, we analyzed the effect of downregulating Shn3 expression on BMP9-induced osteogenic differentiation of hAMSCs. The results showed that ALP activities were significantly increased at 3, 5, and 7 days by co-transfection with Ad-BMP9 and Ad-Sim-Shn3 compared with the control BMP9 group at each time point (Fig. [3c](#Fig3){ref-type="fig"}). However, cells transfected with Ad-Sim-Shn3 alone showed a slight increase inn ALP activity of hAMSCs compared with Ad-BMP9 at 3 and 7 days. By quantification, ALP histochemical staining returned similar results to that of the expression of Ad-Sim-Shn3; both significantly enhanced BMP9-induced ALP activity in hAMSCs at 3 and 7 days (Fig. [3e](#Fig3){ref-type="fig"}). Moreover, BMP9-induced calcium deposition in hAMSCs was notably increased at days 14 and 21 when the expression of Shn3 was silenced as illustrated by Alizarin Red S staining (Fig. [3d, f](#Fig3){ref-type="fig"}). Conjointly, these results indicate that inhibiting Shn3 expression significantly potentiates BMP9-induced early and late osteogenic differentiation in vitro, which shows that Shn3 may play a critical role in BMP9-induced osteogenesis.

Shn3 inhibits the gene and protein expression of osteogenesis-related factors {#Sec8}
-----------------------------------------------------------------------------

Runx2 is a crucial osteoblast-specific mediator that plays a central role in osteoblast differentiation, bone formation, and remodeling. Runx2, bone sialoprotein (BSP), collagen type I (COL-1), osterix (OSX), and osteocalcin (OCN) play an important role in regulating anabolic bone formation and calcium metabolism. Hence, we determined the effects of Shn3 on the BMP9-induced expression of Runx2, BSP, COL-1, OSX, and OCN in hAMSCs. The RT-qPCR results revealed that the mRNA levels of Runx2, BSP, COL-1, and OSX in the BMP9+Sim-Shn3 group were significantly upregulated at day 7 compared to the BMP9 group (Fig. [3g](#Fig3){ref-type="fig"}); in contrast, the gene expression levels of these factors were decreased greatly in the BMP9+Shn3 group compared with the control BMP9 group at each time point. Moreover, the expression levels of these factors were also lower in the Shn3 group when compared with the Sim-Shn3 group and the red fluorescent protein (RFP) group. Similarly, the protein expression of OCN, osteopontin (OPN), and Runx2 were clearly more upregulated in the BMP9+Sim-Shn3 group at day 7 than in the other groups; the Shn3 group showed lower protein expression level compared with the BMP9 group and the BMP9+Shn3 group and but was higher than the RFP group (Fig. [3h--k](#Fig3){ref-type="fig"}). Taken together, these results suggest that Shn3 exerts a negative effect on the mRNA and protein expression levels of osteogenesis-related factors.

Shn3 suppresses the subcutaneous ectopic bone formation in hAMSCs in nude mice {#Sec9}
------------------------------------------------------------------------------

On the basis of the conclusion that Shn3 restrained BMP9-induced osteogenic differentiation of hAMSCs in vitro, we further examined the effect of Shn3 on BMP9-induced osteogenic differentiation with the well-established subcutaneous ectopic bone formation in nude mice. The general observation and the results of three-dimensional reconstruction of micro-computed tomography (micro-CT; three-dimensional (3D)) revealed that the volume of ectopic bone mass was decreased in the BMP9+Shn3 group compared to the BMP9 group. The BMP9+Sim-Shn3 group showed a strong ability to potentiate the development of osteogenic masses compared to the other groups (Fig. [4a, b1](#Fig4){ref-type="fig"}). Mineral density expressed through a heat map from a micro-CT demonstrated that silencing the expression of Shn3 increased the average mineral density of the bone masses induced by BMP9 in hAMSCs; in contrast, overexpression of Shn3 greatly decreased the average mineral density formed by BMP9-transfected cells (Fig. [4b2](#Fig4){ref-type="fig"}). Quantitative analysis of bone histomorphometry showed that the values of bone volume/total volume (BV/TV), trabecular number (Tb. N), trabecular thickness (Tb. Th), and bone mineral density (BMD) were significantly increased in the BMP9+Sim-Shn3 group compared with the BMP9 group. In the opposite set-up, these parameters were greatly decreased in the BMP9+Shn3 group compared to the control. In addition, the results showed that trabecular separation (Tb. Sp) did not create any differences in each group (Fig. [4c](#Fig4){ref-type="fig"}). Besides, histological evaluation revealed that Sim-Shn3 increases the number of trabecular bone and the formation of the ossified matrix after transfection with BMP9 compared to the BMP9 group. Shn3 inhibited the BMP9-induced formation of bone matrix (Fig. [4d2](#Fig4){ref-type="fig"}). The Masson's trichrome staining showed that Sim-Shn3 can increase the ossified matrix induced by BMP9, and silencing Shn3 can decrease the osteoid matrix maturation after being transfected with BMP9 (Fig. [4d1](#Fig4){ref-type="fig"}). However, overexpressing or silencing Shn3 expression levels did not affect BMP9's effect on chondrogenesis (Fig. [4d3](#Fig4){ref-type="fig"}). These in vivo data are consistent with the in vitro studies. In summary, our data strongly suggested that Shn3 is a critical mediator of BMP9-induced osteogenic signaling and that Shn3 exerts a negative regulatory effect on BMP9-induced osteogenic differentiation of hAMSCs in vitro and in vivo.Fig. 4Shn3 restricts the BMP9-induced subcutaneous ectopic osteogenesis of hAMSCs in nude mice.**a** The general observation of the subcutaneous bone masses in nude mice. **b** Subcutaneous osteogenic bone formation at 4 weeks detected by micro-CT scanning to determine the 3D iso-surface (b1) and the heat map of average mineralization density (b2). In the heat map analysis, white represents the highest average mineral density and black represents the lowest (scale bar = 1 mm). **c** Quantification results of ectopic bone formation and the relative values of BV/TV, Tb. N, Tb. Sp, Tb. Th, and bone mineral density (BMD) were analyzed. These data are shown as mean ± SD repeat triplicate. **d** The samples of bone masses were subjected to Masson's trichrome staining (d1), H&E staining (d2), and Alcian Blue staining (d3) to determine the formation of trabecular bone and bone matrix (magnification ×400, scale bar = 50 μm). Representative images are shown. BM bone matrix, UM undifferentiated MSCs, CH chondrocytes, TB trabecular bone. \**P* \< 0.05.

Shn3 inhibits the angiogenic differentiation and vascularization in BMP9-induced osteogenic differentiation {#Sec10}
-----------------------------------------------------------------------------------------------------------

Angiogenesis and osteogenesis are closely coupled in bone development and regeneration. Thus we further determine the effect of angiogenic differentiation and vascularization regulated by Shn3. We used a RT-qPCR assay to detect the transfected hAMSCs on days 3, 5, and 7. The results showed that the mRNA level of angiopoietin 1 (ANGPT1), CD31, VEGF, and vWF were significantly upregulated in the BMP9+Sim-Shn3 group compared to the BMP9 group at day 7. Meanwhile, the gene expression levels of these factors were downregulated drastically in the Shn3 group compared to the BMP9 group at day 7 (Fig. [5a](#Fig5){ref-type="fig"}).Fig. 5Histological analysis of the effect of Shn3 on osteogenesis and angiogenesis.**a** Shn3 downregulates the mRNA level of BMP9-induced angiogenic relative factors including ANGPT1, CD31, VEGF and vWF at day 7. **b**, **e** Immunohistochemical staining and quantification results were adopted to detect the effects of Shn3 on the expression of osteogenesis relative markers OCN (e1) and OPN (e2) in BMP9-induced ectopic bone masses of hAMSCs (magnification ×200, ×400, scale bar = 50 μm). **c**, **e** Immunohistochemical staining and quantification results was adopted to detect the effects of Shn3 on the expression of angiogenesis relative markers ANGPT1 (e3) and VEGF (e4) in BMP9-induced ectopic bone masses of hAMSCs (magnification ×200, ×400). **d**, **f** Immunofluorescence staining and quantified analysis were used to determine the effects of Shn3 on the expression of Type H vessels, including CD31 (red) (f1) and EMCN (red) (f2) and DAPI (blue) (magnification of up images = ×200, of down images ×400, scale bar = 50 μm). \**P* \< 0.05.

Moreover, the immunohistochemical staining results of ectopic bone masses demonstrated that the expression levels of OCN and OPN were upregulated in the BMP9+Sim-Shn3 group and downregulated in the BMP9+Shn3 group compared with the BMP9 group (Fig. [5b, e1, e2](#Fig5){ref-type="fig"}). Similarly, the immunohistochemical results also revealed that the angiogenesis-related proteins of ANGPT1 and VEGF were highly expressed in the BMP9+Sim-Shn3 group and minimally expressed in the BMP9+Shn3 group compared with the BMP9 group (Fig. [5c, e3, e4](#Fig5){ref-type="fig"}). Recent studies have showed that the H-type micro-vessels highly express CD31 and endothelium (CD31^hi^EMCN^hi^), which have the function of regulating osteoblasts and serve an important role as mediators of bone regeneration^[@CR37]^. Beyond this, we investigated the role of Shn3 in BMP9-induced CD31^hi^EMCN^hi^ vascular endothelium in ectopic bone formation. The results showed that Sim-Shn3 could potentiate BMP9-induced expression of CD31^hi^EMCN^hi^ endothelium as compared with the BMP9 group. However, CD31^hi^EMCN^hi^ endothelium expression in the Shn3 group was significantly lower than that seen in the BMP9 group (Fig. [5d, f1, f2](#Fig5){ref-type="fig"}). In summary, these data suggest that Shn3 exhibits a negative regulatory effect on angiogenic differentiation and osteogenic differentiation of hAMSCs in vivo.

Effects of Shn3 on BMP9-induced angiogenesis in vitro {#Sec11}
-----------------------------------------------------

To further investigate the effects of Shn3 on BMP9-induced angiogenesis of hAMSCs, we used a VEGF assay of hAMSCs and observed the results with immunohistochemical staining. The expression of VEGF was higher in the BMP9+Sim-Shn3 group and lower in the BMP+Shn3 group compared with the control BMP9 group at day 7. In addition, the Shn3 group expressed the lowest expression of VEGF of any of the groups (Fig. [6a1, a2](#Fig6){ref-type="fig"}).Fig. 6Effect of Shn3 on BMP9-induced angiogenic differentiation in hAMSCs in vitro.**a** Immunohistochemical staining (a1) and its quantification analysis (a2) were performed to detect the effects of Shn3 on BMP9-induced protein expression of VEGF in hAMSCs (magnification ×200, scale bar = 50 μm). **b** Phenotypes of HUVECs at third passage was identified by immunofluorescence staining assay that HUVECs positively expressed CD31, VEGF, EMCN, and vWF (magnification ×100, scale bar = 100 μm). **c** To investigate the effects of tube formation induced by HUVECs, the Matrigel was coated on Transwell culture plates and HUVECs were cultivated in the ECM medium for 12 h. The HUVECs were adjusted to 2 × 10^5^ cells/mL/well; hAMSCs were treated as the experimental design and seeded onto the upper wells. **d**, **e** The number of tube structures was recorded beginning at 6 h. The tube formation results were observed by light and fluorescence microscope. The HUVECs treated with calcein AM (green) were observed by fluorescence microscopy. The tube-formation results (**e**) and the quantified number of tube area (**d**) are shown (magnification ×200, scale bar = 50 μm). \**P* \< 0.05.

The phenotypes of human umbilical vein endothelial cells (HUVECs) were identified by immunofluorescence staining, and the results showed that the HUVECs highly expressed CD31, VEGF, EMCN, and vWF (Fig. [6b](#Fig6){ref-type="fig"}). The HUVEC tube-formation assay revealed that silencing Shn3 expression could markedly increase the tube area in BMP9-induced hAMSCs, which had 1.38-fold greater area of tube formation than the control (BMP group). The volume of tube area in the BMP9+Shn3 group was lower; it showed a 0.78-fold change than that from the BMP9 group (Fig. [6d, e](#Fig6){ref-type="fig"}). Taken together, these results suggest that Shn3 greatly inhibits the BMP9-induced angiogenesis of hAMSCs in vitro.

Effects of Shn3 on BMP9-induced vessel invasion in vivo {#Sec12}
-------------------------------------------------------

To further investigate the effect of Shn3 on angiogenesis in vivo, the cells were treated as the experimental design, seeded on poly(lactic-co-glycolic acid (PLGA) scaffolds, and implanted on the dorsal subcutaneous tissues of mice (Fig. [7a](#Fig7){ref-type="fig"}). The topological features of PLGA were demonstrated and the PLGA that had been seeded with cells for 24 h was observed by scanning electron microscope (Fig. [7b](#Fig7){ref-type="fig"}). The grafts were evaluated by general observation and by immunofluorescence staining for vWF after 4 weeks. The gross graft was observed when the vascular invasion experiment was completed. The BMP9+Sim-Shn3 group showed a strong vascularization ability as compared to the BMP9 group, while the RFP group hardly had any vessels on the surface of the graft. By contrast, the BMP9+Shn3 group showed lower angiogenesis than the BMP9 group, while the vascularization activity in the Shn3 group was also lower than the Sim-Shn3 group (Fig. [7c](#Fig7){ref-type="fig"}). The immunofluorescence results revealed that the PLGA scaffold seeded with hAMSCs that had been transfected with BMP9+Sim-Shn3 showed significantly greater expression of vWF than when transfected with BMP9 alone. However, the overexpression of Shn3 could attenuate the expression of vWF compared with the BMP9 group, and there was no significance found within the RFP group (Fig. [7d, e](#Fig7){ref-type="fig"}).Fig. 7Effects of Shn3 on subcutaneous vascular invasion of PLGA--hAMSCs composite in vivo.**a** Illustrative diagram showing that hAMSCs treated as experimental design seeded on the electro-spun PLGA scaffolds (a1) were implanted into the dorsal subcutaneous space of the mice and harvested for analysis after 5 weeks (a2). **b** The scanning electron microscopy was adopted to detect the PLGA (b1) and cells cultured on PLGA scaffold (b2) (magnification ×1000, scale bar = 200 μm). **c** The macromorphological observation of PLGA implants located on subcutaneous tissue at 5 weeks. **d**, **e** Immunofluorescence staining (**d**) and its quantification analysis (**e**) were performed to detect the vWF expression (green) in PLGA scaffold subcutaneously (magnification of up images = ×200, of down images ×400, scale bar = 50 μm). \**P* \< 0.05.

Effects of Runx2 and VEGF signal on the expression of BMP9 and Shn3 in hAMSCs {#Sec13}
-----------------------------------------------------------------------------

BMP9 routinely produced a marked effect on physiological function through the BMP/Smad signaling pathway or the non-canonical BMP/Smad signaling pathway, so we first examined whether Shn3 could exert any effect on the BMP/Smad signaling pathway. By analyzing western blots, the results showed that BMP9 significantly increased the phosphorylation of Smad1/5/8 (p-Smad1/5/8) and had effects on the level of total Smad1/5/8. Despite the fact that Sim-Shn3 had no explicit effects on the expression levels of p-Smad1/5/8 and Smad1/5/8, it remains relevant to the effect of BMP9 on the expression of p-Smad1/5/8 in hAMSCs. While overexpression of Shn3 did not exert any effect on the expression of p-Smad1/5/8 and Smad1/5/8, it markedly decreased the level of p-Smad1/5/8 by inducing BMP9 in hAMSCs (Fig. [8a, c1](#Fig8){ref-type="fig"}). MAPK signaling are vital part of non-Smad BMP pathway. It is reported that BMP9 was capable of activating extracellular signal--regulated kinase 1/2 (ERK1/2) and p38 MAPKs. It is unclear that Shn3 exerts any effect on MAPK signaling pathway. The western blotting results revealed that the expression levels of p-Erk1/2 and p-JNK were higher in the BMP9+Sim-Shn3 group and lower than the Shn3 group as compared with the BMP9 group. In addition, the expression level of p-p38 did not exert any differences in each group (Fig. [8b, c2--c4](#Fig8){ref-type="fig"}). These data may point to the effect of Shn3 on inhibiting BMP9-induced osteogenic differentiation, and the molecular mechanism may be mediated by diminishing the BMP/Smad and BMP/MAPK signaling pathways.Fig. 8Effect of Shn3 and BMP/Smad signaling on the expression of Runx2 and VEGF in hAMSCs.**a**--**c** Western blot and quantification analysis (**c**) were adopted to determine the effects of Shn3 and sim-Shn3 on protein level of p-Smad1/5/8, Smad1/5/8 (**a**), p-Erk1/2, Erk1/2, p-p38, p38, p-JNK, and JNK (**b**) under the treatment as shown at 5 days after transfection. The β-ACTIN served as the loading control. The same blots of p-Smad1/5/8 and Smad1/5/8, p-Erk1/2 and Erk1/2 (b1), p-p38 and p38 (b2), and p-JNK and JNK (b3) are used for the β-ACTIN control. Total of 12 gels were ran and 12 blots were made. **d**--**g** ChIP assay analysis shows the interaction between VEGF and promoter region of human Runx2 in hAMSCs (PP1, primer pair 1; PP2, primer pair 2; PP3, primer pair 3; PP4, primer pair 4) (**d**). The results show that VEGF is a direct target of Runx2 regulated by Sim-Shn3 in BMP9-induced hAMSCs. The hAMSCs were transfected with Ad-BMP9 or Ad-BMP9+Ad-Sim-Shn3 for 36 h followed by formaldehyde crosslinking. The pulled down composite was detected by gel electrophoresis image and the location of primers used for ChIP assay in Runx2 promoter region (e). The crosslinked cells were lysed and subjected to enzymolysis and immunoprecipitation with Runx2 antibody or IgG antibody (**f**). IP assay results show the enhanced interaction between Runx2 and VEGF in the BMP9+Sim-Shn3 group of hAMSCs compared to the BMP9 group (**g**). \**P* \< 0.05. **h** The role of Shn3 regulates Runx2 and VEGF in BMP9-induced angiogenesis--osteogenesis coupling during hAMSC-mediated bone formation. Shn3 was able to inhibit the expression of Runx2 through BMP9-mediated BMP/Smad1/5/8 signaling, thereby inhibiting osteogenic marker factors to enhance osteogenesis. Silencing Shn3 could increase the level of angiogenesis relative factor VEGF induced by BMP9. VEGF is an essential downstream target of Runx2 that could regulate the differentiation of skeletal progenitor cells into osteoblasts both in vitro and in vivo, and VEGF is directly activated by Runx2 in MSCs. Because our preliminary results and previous reports all support the point that silencing Shn3 not only positively regulates the osteogenesis of MSCs through Runx2 induced by BMP9 but also regulates the VEGF, which is directly activated by Runx2 to form the osteogenesis--angiogenesis coupling to promote osteogenic differentiation and calcium deposition, which eventually contribute to bone regeneration.

The balance of bone metabolism is dependent on the interaction between blood vessels and osteocytes. Angiogenesis and bone formation are coupled to each other through specific vascular forms and pathways. Recent studies have confirmed that VEGF participated in the initiation of angiogenesis and Runx2 as a key regulator in start-up osteoblast differentiation of MSCs induced by BMPs. Thus we further determined the relationship between Runx2 and VEGF, which is regulated by Shn3 and BMP9. Chromatin immunoprecipitation (ChIP) assay results showed that Runx2 can bind with the promoter region of VEGF in hAMSCs after being transfected with BMP9+Sim-Shn3 (Fig. [8d--g](#Fig8){ref-type="fig"}). Immunoprecipitation (IP) and western blotting results revealed that Runx2 has an interaction with VEGF in hAMSCs by transfecting with BMP9+Sim-Shn3. These results strongly indicate that silencing Shn3 may mediate the effect of BMP9 on enhancing angiogenesis and osteogenesis through the interaction between Runx2 and VEGF to some extent.

Discussion {#Sec14}
==========

Bone formation and angiogenesis are two closely related processes in bone development, remodeling, and repair^[@CR38],[@CR39]^. Vascular invasion is a prerequisite for the coupling of angiogenesis and bone formation. Neovascularization is not only a bridge pathway for nutrient provisioning and bone tissue metabolism but also plays an active role in the regulation of bone formation^[@CR31],[@CR40]^. Therefore, determining the coupling effect between bone formation and angiogenesis is of great significance for bone regeneration. In this present study, we demonstrated the effects of Shn3 on BMP9-induced osteogenic and angiogenic differentiation in hAMSCs and identified the possible mechanism underlying this process. We found that the basic expression of Shn3 is detectable in hAMSCs and BMP9 can partially downregulate the expression of Shn3. Silencing the expression of Shn3 can potentiate BMP9-induced osteogenic factors in hAMSCs, while exogenous expression of Shn3 restrains BMP9-induced ALP activities and calcium deposition in hAMSCs, as well as the ectopic bone formation. Meanwhile, we also analyzed the role of Shn3 in BMP9-induced angiogenic differentiation in hAMSCs and vascular invasion in vivo. We found that silencing the expression of Shn3 upregulates the BMP9-induced angiogenesis-related factors and enhances subcutaneous vascularization. Despite the fact that lumen size seems different among groups, the protein expression level of vWF by immunofluorescence staining is a primary indicator to evaluate the formation of blood vessels. Mechanistically, we found that inhibition of Shn3 can enhance BMP9-induced BMPs/Smad signal transduction, as well as Runx2 and VEGF expression. Shn3 may exert this function through enhancing BMP/Smad signals and we also demonstrated that restraining the expression of Shn3 can activate Runx2, which is capable of directly regulating the expression of angiogenic factor VEGF. These results strongly indicate that Shn3 may play a critical role in regulating the BMP9-induced coupling effect between osteogenesis and angiogenesis in MSCs, which may be mediated by regulating Runx2 and VEGF signaling at least.

MSCs are multi-potent, self-renewing, and undifferentiated cells. BMSCs are considered favorable sources of MSCs; however, the difficulty in obtaining BMSCs comes from their invasive extraction process^[@CR41]^. MSCs have attracted a lot of attention in cell-based therapy to be practical in clinical settings. Recently, the placenta has gained attention because of its abundance and availability^[@CR42]^. The placenta is a feto-maternal organ that is disposed of after delivery and can be acquired with no invasive procedures, which makes it a favorable source with no ethical limitations^[@CR43]^. hAMSCs were derived from the amniotic membrane on the surface of placenta. Compared to other tissue-originated MSCs, hAMSCs have many advantages. Their non-invasive and convenient collection has been widely used in trauma, neurological diseases, and spinal cord injury. Notably, the hAMSCs have lower DNA methylation levels, which contribute to more congruous overlap with the human genome^[@CR44],[@CR45]^. Owing to the placenta's high vascularization, hAMSCs are provided with early progenitors of hemangiogenic cells. In our study, the flow cytometric results showed that the hAMSCs negatively expressed the cell surface markers CD11b and HLA-DR, which give hAMSCs low immunogenicity. Thus we chose hAMSCs as seed cells that can differentiate into osteoblasts and perform angiogenesis.

Despite of osteogenic differentiation mediated primarily by MSCs, it is likely that a bunch of factors are involved in markers, such as BMPs, Runx2, VEGF, TGF-β, and insulin-like growth factor^[@CR46],[@CR47]^. Besides these, many tissue types exist in the bone, including vascular endothelium and connective tissues and autonomic and sensory nerves, which contribute to forming a favorable milieu for bone formation^[@CR48],[@CR49]^. BMPs belong to the TGF-β super-family, which are recognized as playing critical roles in regulating bone formation and proliferation^[@CR50],[@CR51]^, as well as in angiogenesis^[@CR52],[@CR53]^. However, some members of BMPs can commit MSCs to osteoblast lineages, such BMP2, BMP4, BMP6, and BMP7^[@CR54],[@CR55]^. In a recent study, we reported that BMP9 (also termed as growth differentiation factor 2) is one of the most potent BMPs among the 14 types of BMPs in the induction of osteogenic differentiation^[@CR19],[@CR56]^. BMP9 usually produces its marked effect through the BMP/Smad signaling pathway, which includes the canonical BMP/Smad pathway or the non-canonical BMP/Smad pathways, such as ERK and p38 MAPK pathway^[@CR57]^. In the canonical BMP/Smad pathway, BMP9 activates the corresponding phosphorylated R-Smad (named Smad1/5/8), and the phosphorylated Smad1/5/8 (p-Smad1/5/8) recruits and phosphorylates Smad4 to form the complex. From there, the complex shifts to the nucleus where it can regulate the expression of downstream targets^[@CR58]^. Beyond this, there are lots of factors or signals that are also implicated in regulating the BMP9-induced osteogenic and angiogenic differentiation, including VEGF, Runx2, and fibroblast growth factor (FGF)^[@CR59]^. Our results showed that silencing the expression of Shn3 increases the phosphorylation level of Smad1/5/8, which suggested that Shn3 may participate in the BMP9-induced Smad signaling pathway. For the non-canonical BMP/Smad pathway, silencing Shn3 could significantly potentiate the level of phosphorylated ERK1/2. Taken together, we conclude that Shn3 inhibits the BMP9-induced osteogenic differentiation of hAMSCs by blocking the gene expression and downregulating the BMP/Smad and BMP/MAPK signaling pathways.

Shn3 is a large zinc finger protein that plays a vital role in the process of embryogenesis as a critical nuclear factor for DPP signaling pathway, which is the Drosophila homolog of BMP/TGF-β^[@CR23]^. Shn3 was identified as a DNA-binding protein of the heptameric recombination signal sequence and is one of the mammalian homologs of Drosophila Shn^[@CR60]^. Shn3 not only functions as an adaptor protein in the immune system that interacts with nuclear factor-κB to regulate tumor necrosis factor-α and interleukin-2 but also serves a function in regulating bone formation^[@CR21],[@CR61]^. It has been reported that Shn3 mutant (Shn3^−/−^) mice exhibit a conspicuously high bone mass phenotype, and this phenotype was regulated by a multimerized complex containing Shn3, Runx2, and the NEDD4 (an E3 ubiquitin ligase)--WWP1^[@CR25]^. This complex was regulated by Shn3 and inhibits Runx2 function. Hence, the absence of Shn3 result in elevated levels of Runx2 protein and potentiated transcriptional activity of Runx2 that profoundly increased the degree of bone formation^[@CR62]^. In our study, silencing the expression of Shn3 significantly increased the BMP9-induced ALP activity and late osteogenic differentiation. The RT-qPCR results showed that the osteogenic relative factors including Runx2, BSP, COL-1 and OSX were markedly upregulated by inhibiting the expression of Shn3. These results may indicate that silencing Shn3 inhibits the WWP1-complex-dependent E3 ubiquitin ligase that elevated transcription of Runx2 and then further upregulated the target genes of Runx2.

In addition, VEGF is comprehensively expressed by cranial neural crest cells and plays multiple roles in regulating cell proliferation, vascularization, and bone formation, including endochondral ossification as well as intramembranous ossification. In addition, VEGF is widely known to induce angiogenesis^[@CR63],[@CR64]^. In the process of angiogenesis, a variety of factors are involved. The main pro-angiogenic factors are VEGF, basic FGF, TGF-β family, and HIF1α^[@CR65],[@CR66]^. Other factors contain angiogenic components, such as angiopoietin (ANGPT1), CD31, and vWF^[@CR67],[@CR68]^. VEGF and its receptor VEGF-R are key regulators in the cascade of molecules, which ultimately lead to the development of the vasculature, and the formation of angiogenesis is accompanied by the occurrence of vasculature. Therefore, VEGF is a key regulator of angiogenesis, and VEGF plays a significant role in bone repair and development. Our results showed that silencing Shn3 could enhance the BMP9-induced angiogenic differentiation in hAMSCs and upregulate the mRNA expression of VEGF, ANGPT1, CD31, and vWF. In addition, silencing Shn3 markedly potentiates the vascular invasion of hAMSCs in vivo. These results strongly suggest that Shn3 not only regulates osteogenic differentiation but also controls angiogenesis. Nevertheless, how can we explain the coupling effect between osteogenesis and angiogenesis being regulated by Shn3? It has been reported that the DNA sequence recognized by Runx2 is 5′-PuACCPUCA-3′ and its complementary sequence is 5′-TGPyGGTPy-3′, which can be activated with a variety of protein promoters, including COL-I, OPN, OCN, and BSP. These are used to enhance the expression of these proteins and go on to promote osteogenic differentiation and bone formation^[@CR69],[@CR70]^. Thus we conducted the ChIP assay and the results showed that silencing Shn3 increased the transcription activity of Runx2 in BMP9-induced hAMSCs, which could directly bind with the promoter of VEGF (Fig. [8h](#Fig8){ref-type="fig"}). Taken together, these results suggest that Shn3 exerts a coupling effect between osteogenic differentiation and angiogenesis in BMP9-induced hAMSCs by reinforcing the transcription activity of Runx2 and subsequent regulation of the VEGF expression.

In summary, our findings suggested that silencing Shn3 can promote BMP9-induced early and late osteogenic differentiation as well as angiogenesis both in vitro and in vivo, which may be mediated through enhancing the activity of the BMP/Smad signaling pathway and BMP/MAPK signaling pathway. Inhibition of Shn3 plays a coupling role in regulating the key osteogenic factor Runx2 that activate its downstream target VEGF to promote osteogenesis and angiogenesis in BMP9-induced hAMSCs.

Materials and methods {#Sec15}
=====================

Isolation and cultivation of hAMSCs {#Sec16}
-----------------------------------

This research was approved by the Research Ethics Committee of the First Affiliated Hospital of Chongqing Medical University. Human placentas were obtained from the Obstetrics Department of the First Affiliated Hospital of Chongqing Medical University. hAMSCs were isolated from six full-term puerperants, and informed consent was obtained from all of the patients prior to their participation. For the isolation of hAMSCs, they were first dissected bluntly from the placenta as previously described^[@CR13]^. Following this, the amnion samples were washed three times with phosphate-buffered saline (PBS) and transferred to sterile containers at 4 °C in a laboratory facility. The amnion was washed in a sterile dish with PBS containing 1% penicillin and streptomycin three times. The amnion tissue was minced into 1--2 mm^3^ pieces with sterile scissors. Digestion was conducted twice and was terminated by the addition of medium with 0.05% trypsin and 0.01% ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) for 30 min each and incubated for 1--2 h with 0.75% collagenase type II in low-glucose Dulbecco's modified Eagle's medium (LG-DMEM) with 1% penicillin and streptomycin in water at 37 °C, until the pieces were indistinguishable. hAMSCs were collected into 50 mL centrifuge tubes by passing through a 300/mesh filter. Cells were centrifuged at 1500 rpm for 6 min and re-suspended at a density of 10 × 10^4^ cells/ml in LG-DMEM medium with 10% fetal bovine serum (FBS), 1.176 g NaHCO~3~, 1% penicillin and streptomycin, 1% L-glutamine, and non-essential amino acids and placed in diameter of 10 cm dishes at 37 °C, with 5% humidified CO~2~. The medium was refreshed every 3 days to remove the unattached cells with PBS. In each experiment, when the cells reached 80% confluence they were digested with 0.125% trypsin/0.01% EDTA-2Na for 3 min and passaged at ratio of 1:2 or 1:3 for subculture, and only cells between passages 3 and 5 were used for subsequent experiments.

Phenotypic identification of hAMSCs {#Sec17}
-----------------------------------

The cell markers of P3 hAMSCs were detected using flow cytometry. P3 hAMSCs were seeded at a density of 2 × 10^6^/mL in a 6-well plate. After the cells reached 90--100% confluence, the cells were digested and obtained in a 100-µL cell suspension, which was transferred to a flow cytometric tube. Cells were incubated with fluorescein isothiocyanate (FITC)-conjugated anti-CD90, phycoerythrin (PE)-conjugated anti-CD44, peridinin chlorophyll protein-conjugated anti-CD105, and allophycocyanin-conjugated anti-CD73. The cells were incubated with the negative control antibodies, including PE-conjugated anti-CD34, anti-CD19, anti-CD45, anti-CD11b, and anti-HLA-DR for 30 min in the dark, washed by the addition of 2 mL of flow buffer, and centrifuged at 1200 × *g* for 5 min. The liquid supernatant was removed, and the cells were re-suspended in 250 µL of flow buffer. Flow cytometry in conjunction with C6 Plus Workstation Computer and Software (BD Accuri^TM^ C6 Plus Corporation, USA) was used to analyze hAMSC surface marker expression.

CK-19 and vimentin expression of hAMSC was determined by immunofluorescence. Goat IgG served as the isotype control and was added to eliminate non-specific staining. P3 hAMSCs on cover slips in six-well plates were fixed with 4% paraformaldehyde, and PBS-Tween-20 (PBST) was used to wash the cover slips. Cells were blocked with Lowlenthal serum for 30 min, then were incubated with purified primary anti-CK-19 and anti-vimentin antibodies overnight or for 12 h and then with secondary FITC-labeled antibodies for 2 h. Cell nuclei were counterstained with 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI) at room temperature for 5 min. The results were observed by inverted fluorescence microscopy.

Multidirectional differentiation potential of hAMSCs {#Sec18}
----------------------------------------------------

P3 hAMSCs were seeded at a density of 105 cells/mL in a 6-well plate. After cells reached 50--60% confluence, for osteogenic differentiation, cells were cultured and cycled through a series of mediums with a StemPro™ Human Osteogenesis Differentiation Kit (GibicoTM, USA) according to the manufacturer's instructions for 14 days. Afterwards, the osteogenesis was analyzed. The osteogenic differentiation results were observed by Alzarin Red S staining (0.2%, pH = 8.3) (Solarbio, Beijing, China). For chondrogenic differentiation, hAMSCs were cultured with MSC chondrogenic differentiation basal medium (Cyagen Biosciences, Shanghai, China) for 14 days and assessed by Alcian Blue staining (1%) (Solarbio, Beijing, China). For adipogenic differentiation of hAMSCs, cells were cultured with human MSC adipogenic differentiation basal medium (Cyagen Biosciences, Shanghai, China) for 21 days, and Oil Red O (0.5% in isopropanol) (Solarbio, Beijing, China) staining was conducted to determine the differentiation potential of adipogenic formation, including intracellular lipid droplets.

Determination of hAMSC proliferation by CCK-8 assays {#Sec19}
----------------------------------------------------

When P3 hAMCSs reached 80% confluence, cells were collected and suspended at 10^5^ cells/mL; 100 µL cell suspension was added to a 96-well culture plate. Cells were successively cultured for 7 days; each day included five replicate wells. Viability was evaluated in all the wells by using CCK-8 assays. The results were recorded by microplate reader (Thermo Scientific™, USA) at absorbance of 450 nm. Growth curves were drawn, and the cell proliferation activity was analyzed.

Immunofluorescence stain assay {#Sec20}
------------------------------

Cells were seeded onto sterile cover slips in a Corning 12-well culture plate at density of 10^4^ cells/mL and treated according to the experimental design. At the indicated time point, cells were washed three times with PBS for 10 min each, then fixed with 4% paraformaldehyde at 37 °C for 15 min in a thermostatic water bath, washed with PBS for 10 min each, and then permeabilized using 0.4% Triton X-100 for 30 min at 37 °C. After cells were blocked with goat serum for 30 min, cells were incubated with the primary anti-CK19 (ab52625, Abcam, Cambridge, MA, USA), anti-vimentin (ab193555, Abcam, Cambridge, MA, USA), anti-CD31 (ab134168, Abcam, Cambridge, MA, USA), VEGF (ab32152, Abcam, Cambridge, MA, USA), and anti-vWF (ab6994, Abcam, Cambridge, MA, USA) antibodies overnight, followed by incubation with the corresponding fluorophore-conjugated antibodies for 60 min, then cells were washed with PBST for 10 min each and stained with DAPI for 5 min. The cover slips were carefully removed and then mounted on slides with glycerol. The same protocol was performed in the negative control groups except that the primary antibodies were omitted. The slides were observed by confocal microscopy (DFM-80C, Nikon, Japan), and images were assessed by Nikon auxiliary systems. The results of immunofluorescence were quantified using the Image Pro Plus software.

Recombinant adenovirus construction {#Sec21}
-----------------------------------

The recombinant adenoviruses were generated with AdEasy technology as described previously^[@CR71],[@CR72]^. Briefly, the coding regions of RFP, BMP9, and Shn3 (HIVEP3, human immunodeficiency virus type I enhancer binding protein 3) were amplified with the RT-qPCR and cloned into adenoviral shuttle vectors and used to generate recombinant adenoviruses in HEK-293 cells subsequently. The siRNA target sites against mouse Shn3-coding region were cloned into the pSES adenoviral shuttle vector to create recombinant adenoviruses. The resulting adenoviruses were designated as Ad-BMP9, Ad-Shn3, and Ad-Sim-Shn3. The Ad-BMP9 expresses green fluorescent protein, while Ad-Shn3 and Ad-Sim-Shn3 express RFP as a visual tag for monitoring infection efficiency. The analogous adenovirus expressing only monomeric RFP (Ad-RFP) served as a control.

ALP staining and activity {#Sec22}
-------------------------

Cells were seeded in 24-well plates at a density of 30--40% confluence and treated as per the experimental design. ALP activities of cells were determined by a modified Great Escape SEAP Chemi-luminescence Assay (BD Clontech) and histochemical staining assay (solution containing 0.1 mg/mL naphthol AS-MX phosphate and 0.6 mg/mL Fast Blue BB salt) as described^[@CR35],[@CR73]^. For the chemiluminescence assay, each assay was performed in triplicate, and the results were repeated in at least three independent experiments. Normalization of ALP activities were subjected to total cellular protein concentrations of hAMSCs. ALP activities were expressed as mean ± SD.

Alizarin Red S staining and calcium quantification assay {#Sec23}
--------------------------------------------------------

Cells were inoculated at a density of 30--40% confluence in 24-well plates and treated as per the experimental design. Cells were cultured with the conditioned medium containing 50 mg/L Vitamin C, 0.1 μmol/L dexamethasone, and 10 mmol/L β-Glycerol phosphate disodium for 14 and 21 days. The mineralization nodules were assessed by Alizarin Red S staining as described previously^[@CR74],[@CR75]^. In brief, cells were fixed with 0.05% (v/v) glutaraldehyde at 37 °C for 15 min and washed with PBS for three times, then the mineralization tubercle were incubated with 0.4% Alizarin Red S for 10 min, followed by careful washing with distilled water. The calcium deposits were observed under microscope. For quantification, Alizarin Red S was dissolved with 10% acetic acid and the absorbance was detected at 405 nm with a micro-plate reader as described previously^[@CR76],[@CR77]^. The results were performed in at least three independent experiments.

Reverse transcription and quantitative polymerase chain reaction {#Sec24}
----------------------------------------------------------------

Total RNA was extracted with RNAiso reagents (TAKARA, Japan), then the cDNA was obtained from total RNA extracted from cells through reverse transcription (RT) reaction kit (RR047a, TAKARA, Japan). The products were diluted 5--10-fold and used as templates for detection by RT-qPCR. All samples were normalized with the level of glyceraldehyde phosphate dehydrogenase. The amplification conditions included pre-denaturation at 95 °C for 30 s, denaturation for 5 s, and annealing at 60 °C for 30 s. All samples were repeated three times. The PCR primers used in this study are provided in Supplementary Table [1](#MOESM1){ref-type="media"}. The relative expression levels of mRNAs in the groups were analyzed using the 2^ΔΔCT^ method.

Protein harvest and western blotting {#Sec25}
------------------------------------

Cells were seeded in six-well plates and treated as per the experimental design. Total protein were obtained after lysis, and cleared lysates were denatured by boiling for 10 min with 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described previously^[@CR78]^. Page Ruler Plus Pre-stained Protein Ladder (26619; Thermo Scientific, USA) was used to evaluate the bands based on molecular weights ranging from 10 to 250 kDa. Proteins were separated by electrophoresis with Tris-glycine buffer and transferred carefully onto polyvinylidene difluoride (PVDF) membranes under dark conditions, in which the PVDF membrane were blocked with 5% evaporated milk for 2 h and incubated overnight with primary antibodies against OCN (ab13421, Abcam, USA), OPN (ab8448, Abcam, USA), and Runx2 (ab192256, Abcam, USA). After being washed, the membranes were probed with a fluorescently labeled secondary antibody. Immune-reactive signals were detected captured using a Bio-Rad. In addition, the membranes were incubated with a monoclonal mouse anti-human β-ACTIN (66009-1; Proteintech) antibody used as a loading control. Relative band intensity was measured using the ImageJ analysis software.

Stem cell implantation and ectopic ossification {#Sec26}
-----------------------------------------------

hAMSCs were transfected with specific adenoviruses and harvested for subcutaneous injection (5 × 10^6^ cells per injection) into the flanks of athymic nude (nu/nu) mice (4--6-week-old males, Harlan Sprague-Dawley) until the fluorescence could be seen. At 4 weeks after injection, animals were euthanized, and the bony masses were collected for micro-CT imaging and histologic evaluation.

Micro-CT imaging analysis and hematoxylin and eosin (H&E), Masson's trichrome, and Safranin O-fast green staining {#Sec27}
-----------------------------------------------------------------------------------------------------------------

Animals were euthanized 4 weeks after injection and the retrieved bone masses were scanned after 4 weeks with Skyscan1174 X-Ray Microtomograph (Micro-CT) (Bruker Company, Belgian) after the animals were euthanized. N-Recon software was used for 3D image reconstruction and all image data analysis was performed using the CT-AN software. Retrieved bony masses were decalcified with EDTA and then processed for paraffin embedding. BV/TV (%), Tb. N, Tb. Sp, Tb. Th, and BMD were measured.

The retrieved bone masses were decalcified, washed with PBS three times, fixed in 4% paraformaldehyde overnight at 37 °C, and embedded in paraffin. Serial sections of embedded bone masses were stained with H&E, and Masson's trichrome or Alcian Blue staining was carried out as previously described^[@CR73],[@CR79]^.

HUVEC cell tube-formation assay {#Sec28}
-------------------------------

The tube-like structures of HUVECs were developed on growth factor-reduced Matrigel (BD Bioscience, USA) in conditioned media and were assayed using Transwell plates with polycarbonate filters (pore size: 4 μm). Before the experiment, the Matrigel sterilized tips were chilled at 4 °C overnight. Twenty-four-well Transwell cultivation plates were used and daubed with the suspension of 200 μL Matrigel and 200 μL complete medium according to the manufacturer's instructions. HUVECs were seeded in endothelial conditioned medium containing 10% FBS, 2 mM/L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 μg/mL streptomycin, and 1% ECGS (ScienCell, CA, USA) for 12 h and plated onto the lower layer of the Transwell with diluted Matrigel at a density of 2 × 10^5^ cells/mL/well. Then the cells treated as per the experimental design were loaded into each of the upper wells. The Matrigel in the Transwell cultivation was incubated at 37 °C and 5% CO~2~ for 6 h. HUVECs were stained using 2 μM calcein AM fluorescent dye (Solarbio, Beijing, China) (Fig. [6c](#Fig6){ref-type="fig"}). Tube areas were quantified by the number of tubes and relative areas of tubes. The results were recorded under the microscope at 6 h. The number of tubes and relative area of tubes were assessed from five figures of each well by Adobe Photoshop (Adobe, San Jose, CA, USA).

In vivo implantation of PLGA--hAMSC hybrids to evaluate angiogenesis {#Sec29}
--------------------------------------------------------------------

Cells were seeded at a density of 5 × 10^5^ cells/mL on the PLGA scaffolds (diameter 3.5 mm, thickness 200 μm: bought from Foshan Lepton Precision Measurement And Control Technology Company, Guangdong, China) for 24 h. Eighteen mice (6-week-old males; BALB/cAnN, Beijing, China), weighing 18--25 g, were anesthetized with 1% pentobarbital sodium (30 mg/kg), then the cells--PLGA were implanted into the dorsal subcutaneous position. The cells--PLGA composite were collected and analyzed after 5 weeks. Procedures for the animal study were approved by the Institutional Animal Care and Ethics Committee of the First Affiliated Hospital of Chongqing Medical University. The mice were euthanized 5 weeks after implantation surgery. The cells--PLGA composite was retrieved and fixed in 4% paraformaldehyde solution, then immunohistochemical staining was performed for vWF. They were incubated with the primary antibodies against mouse vWF (ab6994, Abcam, USA), followed by incubation with the corresponding fluorophore-conjugated antibodies. The immunohistochemical staining results were observed by inverted fluorescence microscopy (Oly 3800; Olympus), and the images were analyzed using an Olympus auxiliary system.

ChIP assay {#Sec30}
----------

Subconfluent hAMSCs were seeded in T75 flasks and infected with Ad-RFP or Ad-Sim-Shn3. The cells were crosslinked after 48 h of infection. The cells were subjected to the ChIP analysis according to the manufacturer's instructions. The cells were incubated with a monoclonal rabbit anti-human VEGF (Anti-VEGF Antibody, clone JH Sigma-Aldrich) antibody or IgG to pull down the DNA--protein complexes. The PCR primers and sequence of promoter used in this study are provided in Supplementary Tables [2](#MOESM1){ref-type="media"} and [3](#MOESM1){ref-type="media"}. The presence of Runx2 promoter sequence was analyzed by three pairs of primers corresponding to the human Runx2 promoter region.

Statistical analysis {#Sec31}
--------------------

All quantitative experiments were performed in triplicate and/or repeated through three independent batches of experiments. Differences among groups were assessed using a three-way analysis, and the data are reported as the mean ± standard deviation. Statistical analyses were performed using the software package SPSS 14.0, and Fisher Exact tests and Student--Newman--Keuls *q* tests were used to identify significant differences among groups. Statistical significance was set at level of *P* \< 0.05 for all post hoc comparisons.
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